Background: Mice with a defect in mitochondrial fatty acid oxidation (FAO) have reduced lung function but the mechanism is not known. Results: Acylcarnitines accumulate in FAO-deficient lungs and inhibit pulmonary surfactant. Conclusion: Acylcarnitines contribute to reduced lung function in FAO-deficient mice. Significance: Humans with FAO deficiencies may be at risk for lung injury due to acylcarnitine inhibition of pulmonary surfactant.
Mitochondrial long-chain fatty acid oxidation (FAO) 2 is the process by which fatty acids are catabolized for the production of ATP. The pathway begins with carnitine-dependent facilitated transport of fatty acids across the outer mitochondrial membrane, catalyzed by carnitine palmitoyltransferase-1 (CPT1). On the inner membrane, CPT2 converts incoming acylcarnitines back to acyl-CoAs which then undergo repeated cycles of chain-shortening. Each ␤-oxidation cycle requires four enzymatic steps. The first step is dehydrogenation catalyzed by the acyl-CoA dehydrogenase (ACAD) enzyme family. There are two ACAD family members specific for long-chain substrates known as long-chain acyl-CoA dehydrogenase (LCAD) and very long-chain acyl-CoA dehydrogenase (VLCAD). The second through fourth steps of long-chain FAO are catalyzed by mitochondrial trifunctional protein (TFP). With each round of chain-shortening, TFP produces an acetylCoA and an acyl-CoA that is two carbons shorter.
FAO is a critical metabolic pathway in the heart, muscle, and liver, but little is known about its role in other tissues. We previously observed high rates of FAO in mouse lung and showed that LCAD is the dominant long-chain ACAD enzyme in both murine and human lung (1) . LCAD is specifically expressed in alveolar type II (ATII) pneumocytes (1) . ATII cells, which only comprise 5% of the alveolar surface, fulfill several critical roles in the lung. They produce pulmonary surfactant, a specialized mixture of phospholipids and proteins that controls surface tension and alveolar compression during breathing. ATII cells also maintain active ion transport to prevent edema, and they regenerate the alveolar epithelium upon injury (2) . They are rich in mitochondria suggesting a high demand for energy (3) . LCAD knock-out mice have reduced lung FAO, reduced levels of active pulmonary surfactant, and altered breathing mechanics characterized by reduced pulmonary compliance, or in other words, stiffer, less elastic lungs (1) .
When fatty acid metabolism is blocked, such as in patients with inborn errors of FAO, acyl-CoAs accumulate inside the mitochondria and drive the CPT2 reaction in reverse, producing acylcarnitines, which are subsequently secreted. Increased acylcarnitine levels in the blood are the basis of newborn screening programs for FAO disorders (4) . Biologically, acylcarnitines are a poorly understood class of lipids. Short-chain acylcarnitines may be used for energy and can serve as a carbon source for phospholipid synthesis in some tissues (5, 6) . They appear to have clinical benefits for neurological disorders although the specific mechanisms are not understood (7, 8) .
Long-chain acylcarnitines, on the other hand, have been linked to cardiac arrhythmias, insulin resistance, and epithelial barrier dysfunction, although their role in disease pathogenesis is controversial (9 -12) . Here, we show that acylcarnitines accumulate at high concentrations in the epithelial lining fluid of LCAD Ϫ/Ϫ lungs. The epithelial lining fluid is an incredibly thin (Ͻ0.1 M) layer of fluid separating alveolar tissue from the air. We further show that acylcarnitines directly inhibit the surfaceactivity of pulmonary surfactant, which forms a film at the surface of the epithelial lining fluid. Future work will evaluate the FAO pathway and acylcarnitines as risk factors for acute lung injury.
Experimental Procedures

Animals-LCAD
ϩ/Ϫ mice (B6.129S6-Acadl tm1Uab ) were purchased from the Mutant Mouse Regional Resource Center (University of Missouri, Columbia, MO). LCAD Ϫ/Ϫ and LCAD ϩ/ϩ littermates were used to establish breeding colonies of mutant and control mice according to protocols approved by the University of Pittsburgh Institutional Animal Care and Use Committee. All studies were done in 5-6-week-old male mice. D-Carnitine and L-carnitine (Sigma-Aldrich) were delivered in drinking water at 150 mg/kg/day. Mildronate (Grindex, Latvia) was given in drinking water at 200 mg/kg/day. For the influenza study, mice were infected with 100 plaque-forming units (PFU) of virus in 50 l of sterile PBS by oropharyngeal aspiration. The influenza A/PR/8/34 (H1N1) virus was propagated in chicken eggs as described (13) .
MLE12 and ATII Cell Studies-Mouse lung epithelial cells (MLE12; American Type Culture Collection, Manassas, VA) were cultured as described (1) . Primary human ATII cells were isolated and cultured as described (14) . The human lungs, from de-identified organ donors whose lungs were not suitable for transplantation, were obtained through the International Institute for the Advancement of Medicine (Edison, NJ) and the Center for Organ Recovery (Pittsburgh, PA). Both MLE12 and primary ATII cells were grown in 24- (1) .
Bronchoalveolar Lavage-For acylcarnitine profiling, anesthetized, tracheotomized mice were lavaged with two 1-ml aliquots of 50% acetonitrile/0.3% formic acid to aid with solubility of long-chain acylcarnitine species. For isolation of large aggregate surfactant, mouse lungs were washed three times with 1-ml aliquots of 0.9% (w/v) NaCl. The fluid was pooled, centrifuged at 300 ϫ g for 10 min to remove cells, and the supernatant centrifuged at 40,000 ϫ g for 15 min to pellet large aggregate surfactant. Human lavage fluid was collected from organ donor lungs deemed not suitable for transplantation. One lung lobe was perfused to remove blood and then lavaged with 60 ml of HEPES/saline. Cells were removed by centrifugation.
Acylcarnitine Profiling-Acyl-carnitine measurements were made by flow injection tandem mass spectrometry using sample preparation methods described previously (15, 16) . The data were acquired using a Waters Acquity TM UPLC system equipped with a TQ (triple quadrupole) detector and a data system controlled by MassLynx 4.1 operating system (Waters, Milford, MA).
Constrained Drop Surfactometry-To measure adsorption, palmitoylcarnitine was dissolved into a buffer of 0.9% NaCl, 1.5 mM CaCl 2 , and 2.5 mM HEPES, pH 7.0. A ϳ10 l droplet was dispensed onto the drop holder. Measurements were conducted at 37°C and 100% relative humidity. Drop images were taken at a rate of 10 frames per second. The surface tension, surface area and drop volume were determined with axisymmetric drop shape analysis (17) . Infasurf studies were done in the same buffer and under the same conditions. For dynamic cycling, the drop was compressed and expanded at least five times. All drop images were recorded to calculate minimum surface tension at the end of compression and maximum surface tension at the end of expansion. Film compressibility ; ϭ (1/A) (∂A/∂␥) was calculated as described (18) .
Palmitate Oxidation in Mouse Lung Tissues-Minced tissues were incubated in 350 l of PBS with 5 mM glucose, 1 mM carnitine, and 125 M final concentration of [ 3 H]palmitate-BSA at 37°C for 1 h as described (1) . After homogenization using a Bullet Blender (Next Advance, Averill Park, NY), the aqueous layer was separated using chloroform/methanol extraction and counted.
Surfactant Phospholipids-Colorimetric determination of phospholipids was performed using the malachite green assay as described (1) . Total surfactant phospholipids were calculated from the measured concentrations by multiplying by the volume of fluid recovered during lavage.
Pulmonary Function Testing-Respiratory mechanics were measured as described previously (1) . Briefly, mice were anesthetized with pentobarbital sodium (90 mg/kg ip), tracheotomized, and attached to a computer-controlled piston ventilator (FlexiVent, SCIREQ, Montreal, QC, Canada). Pressure-volume analysis was completed in a series of stepwise volume inflation and deflation with a maximum lung pressure of 30 cmH 2 0, and used to calculate pulmonary compliance.
Carnitine Assay-Free carnitine in mouse lung tissues was measured using a carnitine assay kit (Sigma-Aldrich) following the manufacturer's instructions.
Statistical Analyses-All bar graphs depict means and standard deviations. Group comparisons were made using twotailed Student's t-tests. The level of statistical significance was taken as p Ͻ 0.05.
Results
Reducing Mitochondrial FAO Does Not Reduce Surfactant Phospholipid Synthesis or Surfactant Protein Expression-We previously analyzed LCAD
Ϫ/Ϫ mice and observed ϳ50% reduction in lung palmitate oxidation and a significant loss of surfaceactive pulmonary surfactant (1) . Explants of LCAD Ϫ/Ϫ lung showed normal incorporation of [ 3 H]choline into lipids in a short-term incubation (1) . To study phospholipid synthesis specifically in ATII cells, we simulated a long-chain FAO deficiency in the murine ATII-like cell line MLE12 through treatment with D-carnitine. Long-chain FAO is L-carnitine-depen-dent, and D-carnitine effectively inhibits L-carnitine uptake by competition for the carnitine transporter. D-carnitine reduced 3 H-palmitate oxidation by 60% in MLE12 cells (Fig. 1A) , a reduction similar to what is seen in LCAD Ϫ/Ϫ lung in vivo (1), but the rate of incorporation of radiolabeled choline into total phospholipids was not affected (Fig. 1B) 1C) . The effects of carnitine deficiency were then further tested in vivo by treating wild-type mice with D-carnitine combined with mildronate, a drug known to block carnitine synthesis in the liver (19) . The D-carnitine/mildronate treatment resulted in a 55% reduction in lung FAO, but no change was observed in large aggregate surfactant phospholipid levels (Fig. 1, D and E) . These data suggest that blocking FAO does not inhibit phospholipid synthesis, and furthermore, that carnitine deficiency does not recapitulate the loss of surfactant quantity seen in LCAD Ϫ/Ϫ mice. In addition to phospholipids, surface-active, large-aggregate surfactant requires the presence of surfactant protein-B (SP-B) and surfactant protein-C (SP-C). To determine whether reduced SP-B and SP-C contribute to reduced large aggregate surfactant in LCAD Ϫ/Ϫ mice, we performed immunoblotting on lung tissue lysates followed by densitometric analysis of the bands. Neither SP-B nor SP-C protein levels were significantly altered in LCAD Ϫ/Ϫ lungs (Fig. 1F) .
LCAD Ϫ/Ϫ Lungs Accumulate Long-chain AcylcarnitinesGenetic blockades of FAO are associated with secretion of acylcarnitines to avoid lipid toxicity, while carnitine deficiency would inhibit FAO without acylcarnitine secretion. We reasoned that this difference may account for the lack of a change in surfactant levels in carnitine-deficient mice. Therefore, we performed acylcarnitine profiling on bronchoalveolar lavage fluid from overnight-fasted LCAD Ϫ/Ϫ and wild-type control mice. During lavage the lungs were washed with 2 ml, which captures the ϳ8 l of epithelial lining fluid (ELF) that is estimated to coat the interior of the mouse lung at the air-tissue interface (20) . After accounting for the ϳ250 dilution factor, we estimate that the total concentration of long-chain acylcarnitines (C 12 -C 22 ) in wild-type mouse ELF is about 0.3 mM, which is 200X higher than what has been reported in normal mouse blood (21) . In LCAD Ϫ/Ϫ mice the concentration of longchain species was more than doubled ( Fig. 2A) , and some species such as the unsaturated 14-carbon acylcarnitines C 14:1 and C 14:2 were elevated as much as 14-fold. At the same time, shortchain acylcarnitine species were severely reduced in LCAD Ϫ/Ϫ mice, indicating that LCAD Ϫ/Ϫ lungs are unable to catabolize fatty acids beyond C 12 (Fig. 2B) .
Genetic FAO disorders as well as complex disease states such as obesity can be associated with a secondary carnitine deficiency due to the enlarged acylcarnitine pool sequestering free carnitine. Carnitine given as a supplement to patients with FAO disorders typically enhances acylcarnitine secretion even fur- ther, which some have proposed is beneficial due to clearing of intra-mitochondrial lipids (22) . To determine whether carnitine is rate-limiting in LCAD Ϫ/Ϫ lung and whether acylcarnitine secretion into ELF would respond to carnitine therapy, we treated LCAD Ϫ/Ϫ mice for 21 days with L-carnitine. Acylcarnitine profiling showed an approximate doubling of acylcarnitines (Fig. 2C) . This indicates that acylcarnitine secretion into ELF is dynamic and that the amount of free carnitine can become rate-limiting in the context of an FAO disorder. We next asked whether stressing the lung may also alter acylcarnitine secretion. Wild-type and LCAD Ϫ/Ϫ mice were infected with influenza and lavaged for acylcarnitine analysis 7 days later. Influenza increased long-chain acylcarnitines by more than 2-fold in LCAD Ϫ/Ϫ mice but had no effect on acylcarnitines in wild-type mice (Fig. 2D) .
Finally, we investigated whether acylcarnitine secretion into ELF is a mouse-specific phenomenon. Five samples of human lung wash fluids were subjected to acylcarnitine profiling. Interestingly, among the long-chain species relevant to mitochondrial FAO metabolism and LCAD activity (C 12-C 18 ), human lungs showed a different profile than mice: C18 was the most abundant species, compared with C16 for mice (Fig. 2E ). These data demonstrate the utility of profiling acylcarnitines as biomarkers in human bronchoalveolar wash fluid.
Long-chain Acylcarnitines Inhibit Pulmonary SurfactantShort-chain acylcarnitines are water-soluble and readily diffusible, while long-chain species have limited solubility. Hydrophobic interactions have been observed between long-chain acylcarnitines and lipid bilayers (23) . To determine whether long-chain acylcarnitines interact with pulmonary surfactant, LCAD Ϫ/Ϫ lavage fluid was subjected to centrifugation to pellet the surface-active large-aggregate surfactant. The pellet and supernatant were both profiled for acylcarnitines and the relative distribution between fractions was calculated. Short-chain species ϽC 12 were found almost exclusively in the supernatant, while as much as 40% of the C 12 -C 18 species were found associated with the active fraction of pulmonary surfactant (Fig.  3A) . This ability to associate with surfactant was further studied in vitro using the commercially available species C 16 -carnitine (palmitoylcarnitine).
14 C-labeled C 16 -carnitine was added to freshly collected wild-type lavage fluid. The fluid was centrifuged to isolate the large aggregate surfactant pellet and both the pellet and supernatant were used for scintillation counting. In keeping with the in vivo data, 44.6 Ϯ 2.2% of the radiolabel was recovered in the surfactant pellet fraction.
For surfactant to properly function in vivo, it must adsorb rapidly to the air-water interface and reduce surface tension, which facilitates breathing by making the alveoli easier to inflate (pulmonary compliance) (24) . The surface tension of a pure air-water interface is ϳ70 mN/m at body temperature. Using a constrained-drop surfactometer, the adsorption isotherm of C 16 -carnitine was determined (Fig. 3B) . It was found that C 16 -carnitine rapidly adsorbed to the air-water interface where it significantly reduced surface tension to an equilibrium value of 42 mN/m. Pulmonary surfactant adsorbed onto a static air-water interface will reduce surface tension to about 25 mN/m (24). We next asked whether the surface-activity of C 16 -carnitine would compete with surfactant for the air-water interface and reduce its ability to lower surface tension to 25 mN/m. Indeed, when mixed with the clinical surfactant preparation Infasurf (1 mg/ml) and introduced onto the surfactometer, 0.4 mM C 16 -carnitine delayed the adsorption of the surfactant to the air-water interface (Fig. 3C) . At a concentration of 1.0 mM, C 16 -carnitine was sufficient to both delay adsorption and prevent maximal lowering of surface tension (Fig. 3C) .
FIGURE 2. LCAD
؊/؊ lungs accumulate long-chain acylcarnitines. Wild-type and LCAD Ϫ/Ϫ mice (n ϭ 5) were fasted overnight and then lavaged with 50% acetonitrile/0.3% formic acid. The BALF was analyzed for 66 acylcarnitine species using mass spectrometry. LCAD Ϫ/Ϫ mice have (A) significantly increased total long-chain acylcarnitine species, and (B) significantly decreased short-chain species. C, carnitine supplementation increases long-chain acylcarnitine secretion even further in LCAD Ϫ/Ϫ mice, indicating that free carnitine is rate-limiting in the lung. D, stressing the lung with infection (influenza) also stimulates acylcarnitine secretion. E, five human lungs and three mice were lavaged with saline and acylcarnitine profiling performed. *, p Ͻ 0.01, LCAD Ϫ/Ϫ versus control.
During exhalation, an alveolus is contracted and the relative concentration of surfactant at the alveolar surface becomes greater, which causes surface tension to drop from ϳ25 mN/m to near-zero (24) . Pulmonary surfactant at a high surface concentration, achieved during exhalation, also has low compressibility which limits compression (shrinking) of the alveolus to ϳ20%, thereby preventing alveolar collapse. To mimic human breathing, we allowed Infasurf to adsorb to the surface on the constrained drop surfactometer and then dynamically cycled the droplet with twenty compression/expansion cycles ("breaths") per minute using a motor-driven syringe. This was done in the presence and absence of C 16 -carnitine, while measuring the correlation between the surface tension and surface area in real-time (Fig. 3D) . As the adsorbed surfactant film was compressed (by withdrawing liquid from the droplet), the surface tension was reduced to 2 mN/m for both Infasurf alone and Infasurf plus 0.4 mM C 16 -carnitine, but did not go below 12 mN/m in the presence of 1.0 mM C 16 -carnitine (Fig. 3E) . Compressibility constants calculated from the cycling data in Fig. 3F showed that C 16 -carnitine significantly increases film compressibility, which in vivo would translate into a softer surfactant film less able to resist alveolar collapse upon exhalation.
Eliminating Lung Acylcarnitines Improves Surfactant Levels and Lung Function in LCAD
Ϫ/Ϫ Mice-The total concentration of long-chain acylcarnitines in LCAD knock-out lung is greater than 0.7 mM (Fig. 2A) , which is well within the range demonstrated to inhibit surfactant in vitro. To determine the contribution of long-chain acylcarnitines to lung function in vivo we treated LCAD Ϫ/Ϫ mice with the drug mildronate for 21 days. Mildronate, an inhibitor of hepatic carnitine synthesis, is used clinically in Eastern Europe to treat ischemia (25) . Free carnitine in LCAD Ϫ/Ϫ lung tissue was already very low compared with wild type mice, due to greater partitioning of carnitine into acylcarnitines, and a high dose of mildronate (200 mg/kg/day) nearly eliminated lung free carnitine (Fig. 4A) . Consequently, acylcarnitines recovered in lavage fluids decreased by ϳ85% across all measured species (Fig. 4B) . Functionally, mildronate increased large aggregate surfactant phospholipid levels significantly over untreated LCAD Ϫ/Ϫ mice (Fig. 4C) . We next measured pulmonary function in mildronatetreated LCAD Ϫ/Ϫ mice using a small-animal ventilator (FlexiVent). FlexiVent measures three tissue-related parameters termed elastance (H), damping (G), and central airway resistance (Rn). LCAD Ϫ/Ϫ mice were observed to have a significant increase in tissue elastance (H) compared with wild-type controls (Fig. 4D) , and mildronate treatment did not correct this defect in lung mechanics. The G and Rn parameters were not significantly different between groups (not shown). In addition to the tissue parameters H, G, and Rn, pressure-volume curves were measured and analyzed to produce the parameter of compliance. Compliance is an index of overall lung mechanics, representing the elasticity of the lungs during breathing. In the context of surfactant deficiencies or inflammation-induced lung injury, lungs must work harder to achieve the same inflation (low compliance). In models of severe lung injury such as those induced by lipopolysaccharide (LPS) or bleomycin, compliance may decrease by 25-35% (26, 27) . In comparison, unstressed LCAD knock-out mice were observed to have a ϳ16% reduction in compliance compared with wild-type mice, which was corrected back to near-normal levels by mildronate Ϫ/Ϫ mice (n ϭ 6) were fasted overnight and lavaged with saline. The BALF was centrifuged to pellet large-aggregate surfactant. The large aggregate pellet and the supernatant were then analyzed for acylcarnitines by mass spectrometry, and the data used to calculate the % of the total amount of each species appearing in the pellet fraction. Shown are several relevant long-chain species. B, palmitoylcarnitine in solution (1 mg/ml) was observed to rapidly adsorb to the air-water interface and lower surface tension of the air-water interface in a constrained drop surfactometer. C, palmitoylcarnitine was added (0.4 or 1.0 mM) to Infasurf, a clinical formulation of pulmonary surfactant. The rate of adsorption to the air-water surface, revealed by surface tension decrease, was monitored as a function of time using the constrained drop surfactometer. D, infasurf with and without palmitoylcarnitine was allowed to reach surface equilibrium on the constrained drop surfactometer, and then was subjected to cycles of compression/expansion "breathing" using a motor-driven syringe to deflate/inflate the droplet. Surface tension (Y-axis) and surface area (X-axis) were measured and plotted. The data in these cycles were used to calculate (E) minimum surface tension reached during cycling, and (F) compressibility of the surfactant film. All bars depict means and standard deviations. *, p Ͻ 0.01, palmitoylcarnitine-treated versus control. treatment (Fig. 4D) . As a control, we evaluated the effects of mildronate in a separate cohort of wild-type animals and observed that the drug had no effect on compliance or the tissue parameters H, G, and Rn. Together, these experiments show that mildronate improves some aspects of lung function (compliance) but not others (tissue elastance). This is consistent with an improvement in surfactant, which directly contributes to pulmonary compliance but not to tissue elastance.
Discussion
We previously identified a lung phenotype in LCAD Ϫ/Ϫ mice characterized by reduced surfactant levels and altered surfactant biophysical properties (1) . These changes were correlated with a significant reduction in pulmonary compliance. Here, we have established that blocking FAO by deleting an intramitochondrial FAO enzyme (LCAD) causes long-chain acylcarnitines to accumulate in the epithelial lining fluid. Long-chain acylcarnitines compete with and integrate into pulmonary surfactant at the air-fluid interface and inhibit its ability to reduce surface tension. We propose that the presence of acylcarnitines in pulmonary surfactant is a risk factor for enhanced lung injury in patients with FAO disorders in response to a "second hit" such as a respiratory infection, sepsis, or inhaled toxins. In keeping with this, there have been reports of respiratory distress syndrome among patients with inborn errors of longchain FAO (28 -30) . In one longitudinal study of 13 TFP-deficient patients, four died from pneumonia and two died from respiratory failure (31) . While no LCAD-deficient patients have been described, we previously identified two cases of infant death where no LCAD antigen was detected in post-mortem lung (1). Both cases were homozygous for a polymorphism that may reduce LCAD function, and we speculate that acylcarnitine accumulation may have sensitized their lungs to injury from infection or hypoxia. A final consideration is the observed effect of acylcarnitines on Infasurf, a surfactant formulation which is used clinically to treat respiratory distress syndrome. Infasurf may have compromised utility in patients with elevated lung acylcarnitines.
This work has direct implications for managing inborn errors of FAO. Additionally, complex polygenic diseases may also affect lung function via the proposed acylcarnitine mechanism. Acylcarnitines are known biomarkers of obesity and the metabolic syndrome (32, 33) . They are elevated in people with hypertension and hemodialysis patients (34) . Cardiac patients taking drugs like trimetazidine and ranolazine, which are partial FAO inhibitors, may have increased acylcarnitines (35, 36) . Chronic ethanol consumption also reduces FAO and thus the mechanism uncovered here may be relevant to the reduced lung function seen among alcoholics (37) . In short, our findings are not relevant merely to rare genetic diseases of metabolism but to many other patient populations and diseases.
Our data suggest that using L-carnitine as a dietary supplement may exacerbate the effects of acylcarnitines in the lung of individuals with compromised FAO. At present time there are few treatment options for patients with genetic FAO disorders. L-Carnitine is given under the assumption that it will help clear the mitochondria of accumulated lipid, which would prevent toxicity. However, experimental evidence to support the therapeutic benefit of L-carnitine supplementation is generally lacking (8) . On the other hand, several studies have suggested that acylcarnitine accumulation may be toxic, particularly amphiphilic long-chain acylcarnitines which have been shown to inhibit ion channels, disrupt calcium signaling, impair ATP production, alter membrane fluidity, and trigger the opening of tight junctions (10, 38 -41) . These published studies and our current data with mildronate would indicate that strategies to reduce acylcarnitine secretion may be clinically useful, while L-carnitine should be avoided.
Mildronate works by suppressing hepatic carnitine synthesis, therefore reducing carnitine availability to tissues that cannot synthesize carnitine such as the lung. While mildronate is widely used as an anti-ischemic drug in Eastern Europe, and was shown to be safe and well-tolerated (42, 43) , to our knowledge it has not been tested in the context of FAO defects. Here, we have used a high dose of mildronate to dramatically manipulate acylcarnitine levels as "proof of principle" to reveal a link between acylcarnitines and lung function; however, we did not investigate the consequences of such severe carnitine deficiency on the liver, muscle, or heart, which are organs that are known to rely heavily upon fatty acids for energy. Future studies will investigate the use of lung-specific strategies for lowering acylcarnitines. For example, CPT-1 inhibitors such as etomoxir may be applied as inhalants. Blocking CPT-1 could prevent fatty acid entry into the mitochondria, and thus prevent acylcarnitine formation within the mitochondria, while at the same time not inducing carnitine deficiency which may have adverse effects in other tissues. The accessibility of the air-fluid interface in the lung makes alveolar mitochondrial metabolism a promising therapeutic target. 
